Abstract -Hollow cathode have recently been investigated at the University of Southampton as potential standalone microthrusters.
INTRODUCTION
Within the University of Southampton there has been an ongoing research effort to develop the T5 and T6 hollow cathodes (HC) for use as standalone microthrusters. The cathode test articles are a mature technology developed extensively over the last 35-years for application on the UK-10, UK-25, T5 and T6 gridded ion thrusters 1 2 3 4 5 6 and as an electron source for various ion beam neutralization applications. 7 Recent experiments on a T6 discharge cathode a by Gessini t the University of Southampton found that practical thrust could be generated with reasonable specific impulse (up to 500s). 8 9 10 Such performance strengthened interest in the use of all-electric propulsion systems composing high specific impulse primary electric propulsion augmented by a HC microthruster reaction control system (RCS). 11 12 For some missions such a configuration presents considerable mass savings over configurations where the attitude and orbit control system (AOCS) composes both a chemical RCS and primary electric system, primarily through the sharing of a common propellant bus and power processing subsystems but also through the potentially high specific impulse of the RCS. While secondary chemical RCS systems constitute a relatively large fraction of the overall propulsion system mass 13 14 15 16 these systems also bring substantial expenditure in manufacture, assembly, integration, testing and launch preparation due to the use of hazardous propellants. 17 General attempts to scale down electrostatic and electromagnetic thrusters for such a role have however yielded relatively poor performance, 18 primarily due to high wall losses from the higher surface area to volume ratios and call for a more adequate solution. The work of Gessini 19 also highlighted very low thrust efficiency, which dropped well below 1%, particularly at higher values of specific impulse, leading to requirements comparable to primary propulsion systems (>600W). If hollow cathodes are to have a realistic application they must be developed to show higher thrust efficiencies and at least be able to contend with resistojets in terms of their performance (15-48s with xenon) 20 21 while operating in the 20-50W power range. Figure 1 shows the general thrust to power ratios position of electric thrusters and the current position of HC thrusters based on the work of Gessini.
Since the means by which hollow cathodes are able to generate such high levels of specific impulse is not understood the method by which to improve performance of is not clear. This work therefore aims to understand the influence of terminal parameters of discharge current, mass flowrate and cathode geometry on discharge characteristics and thrust production mechanisms in hollow cathodes and in doing so develop means to improve performance. It is clear that in order to be competitive with conventional propulsion systems HC thrusters must be able to show thrust to power ratios ~1W/mN and >100s to be competitive with resistojets and ~10W/mN with >250s to compete with colloid thrusters and DC arcjets and demonstrate efficiencies of at least 20%.
Figure 1 Thruster capability based on thrust to power ratio, specific impulse and efficiency
In order to characterize thrus performance of various cathode and indirect pendulum micro-thrust balance and supporting architecture based on a laser optical lever was consdructed. 22 The T6 and later the T5 cathodes were then characterized in a number of different geometrical configurations with subsequent design iterations. 23 24 25 Finally, in an attempt to understand the relationship between the existence of high energy ion populations in hollow cathode discharges and the likely thrust production mechanisms, ion energy measurements were conducted at NASA Jet Propulsion Laboratory on a ¼ inch XIPS cathode with a similar geometrical configuration to the most refined T6 cathode design. 26 This paper will present a review of the thruster design philosophy and analysis of experimental results.
HOLLOW CATHODE THRUSTER DESIGN
A full and detailed review of the operation of hollow cathodes is given in 23, 24, 25 . In our case we will cover design of the anode assembly since anode design was judged as key in increasing hollow cathode thruster efficiency by controlling the spot to plume mode transition point. Understanding of the thermal flux to the anode was also necessary in to prevent overheating of the thruster assembly.
A. Power Balance
A schematic of the energy flux within a cathode is shown in Figure 2 . The electron or ion temperature in volts is given by: Integrals allow for the resulting variation in current density from the emitter. 27 28 , Equivalent ion current is defined by: Control of plume mode is essential in maintaining low voltage operation and low noise. If the flux of ions into the cathode-anode gap is sufficient, the anode will passively collect the discharge current from the plasma; this type of operation is referred to as spot mode. If the ion flux to the cathode-keeper gap is insufficient for the anode to passively collect the electron current, an additional sheath and voltage drop forms between the plasma and anode to facilitate ionization and electron transport/collection so that electrons can traverse the gap within the quasi-neutral plasma. This transition, depicted in Figure 3 , occurs as the mass flow rate or discharge current is decreased (both of which intrinsically influence plasma and discharge properties) beyond a critical point and is generally termed plume mode given that the bright spot at the cathode tip transitions into a more diffuse-like plume. Since the ions created in the gap have some fraction of the discharge potential to accelerate them toward the cathode plume mode is particularly associated with ion sputtering of the cathode orifice 29 and discharge instabilities, which limit lifetime 30 and are responsible for high coupling voltages. For these reasons cathodes are normally operated in spot mode. The significant increase in discharge voltage distinctive of plume mode also significantly increases the discharge power for a fixed discharge current based on the relationship:
Since the thrust mechanism, be it electrothermal, electromagnetic or electrostatic will be principally a function of the discharge current rather than the discharge voltage, one understandable way to increase thrust efficiency is to decrease the operating voltage. In addition the extension of spot mode like operation will inevitably enable operation at lower mass flowrates and higher specific powers (J/mg) allowing increased specific impulse.
An empirical transition to spot mode criterion 31 has been described by Kaufman, which accurately predicted the transition flow rate. Mandel and Katz 32 have numerically determined this transition on the basis of the contact area of the anode and keeper electrode with the downstream plasma. Assuming a quazi-neutral plasma, the passive flux of electrons and ions to a keeper electrode immersed in the downstream plasma, based on thermal flux, is given by: In an open diode configuration all of the discharge current is drawn to the keeper. If the passive current exceeds the discharge current the keeper will be negative relative to its local plasma potential in order to achieve current balance. In this condition relatively little electron acceleration occurs in the cathode keeper gap in order to give the necessary excitation/ionization to carry the discharge current and spot mode is maintained. If the passive current is insufficient to provide the discharge current demanded from the power supply, remembering that the power supply is operating in a current limited mode, the keeper potential must be positive with respect to its local plasma potential forming an area enhancing sheath and causing electron acceleration towards the keeper with an associated glow in the cathode keeper region.
The efficiency of ionization within the cathode in spot mode is hypothesized to be sufficient to emit ions to neutralize the plasma in the cathode-to-keeper gap. Hence, the discharge fails to exhibit visual evidence of electron-impact ionization. In contrast, plume-mode emission exhibits both a luminous plume downstream of the cathode and large current and voltage oscillations typically at several megahertz.
C. Current Collection Analytical Model
From this understanding of hollow cathode operation we can state that in order to improve the thrust efficiency above that currently demonstrated it is likely that we can:
1. Extend the range of spot mode operation by increasing the available anode contact for electron collection from the plasma and maintaining passive discharge current collection at the anode surface. This will also: 2. Lower discharge voltage for the same demanded current thus increasing efficiency 3. Enable operation at higher specific powers giving higher specific impulse Assuming a quazi-neutral plasma, the plasma density, n i , can be calculated by assuming the flowrate equals the thermal efflux through the orifice cross section, i.e. assuming the drift velocity is equal to the thermal random velocity in the direction of the outlet with net flux equal to the propellant flow rate. Ion mass and temperatures are used for calculation of the plasma density since ions have much lower mobility and thus will drive the density function. At the outlet where a sudden change in plasma density is expected, this can serve as a first approximation. conducted optical probe studies on the T6 hollow cathode at various positions along the emitter length. For a cathode operated at 5A discharge current at 1.1mg/s mass flow rate of argon, probes positioned at 2.7mm upstream and 1.1mm upstream of the cathode orifice determined electron temperature to be ~0.6eV and ~1.0eV respectively. Electron temperature did not vary significantly for discharge currents between 2A to 10A. These measurements show good agreement with the spectroscopic measurements of Malik. 34 The ionization fraction has been shown to approach unity with the orifice of hollow cathodes however, even if the T5 HC approaches full ionization at very high levels of orifice current density the propellant mass utilization through the keeper orifice does not, in general, exceed 10%. 35 36 This latter parameter is defined as the ratio of extracted ion current over the equivalent current of 100% singly-ionized xenon. Such a discrepancy is likely caused by the fact that most ions of the ions created in the cathode orifice are neutralized before they can escape through the keeper orifice, 35 even though it is located ~2mm downstream of the cathode. Inside the cathode, and even more so in the expanding plume, the electron temperature Te is much lower than the first ionization potential for xenon (12.13eV ). Recombination of ions and electrons within the emitted plasma is thus bound to be significant. 37 Gessini clearly noted a transition to plume mode at flow rates below 0.5mg/s with 5Amps discharge current on argon at which thrust noise, discharge noise and voltage were shown to sharply increase as shown in Figure 4 . Figure 4 Transition from spot to plume mode at decreasing cathode flow rate with argon at 5A 38 Using the value of electron temperature of 1eV close to the orifice and the analytical model described previously along with the geometrical configuration of Gessini's anode, the required plasma density for plume mode transition at 5Amps with 0.5mg/s argon for the T6 cathode, as shown in Figure 4 , can be evaluated. Gessini used a cylindrical anode of 10mm diameter and 10mm length. The ionization fraction required to satisfy the passive current condition of 5A at the anode surface based on electron and ion temperature is shown in Figure 5 . Since there are no direct measurements of ion temperature at this condition yet it strongly influences plasma density, the ionization fractions for ion temperatures of 0.1eV, 0.2eV, 0.4eV and 0.8eV are calculated, corresponding to heavy particle temperatures of 1160K, 2321K, 4642K and 9284K respectively. Interestingly, increased ion temperature, while being important for the electrothermal thrust production mechanism, serves to lower the plasma density for a particular anode by increasing ion velocity and thus decreases J e , thus the theoretical ionization fraction required to give spot mode increases. While ion temperature has a strong influence on the plasma density ion flux to the anode remains negligible in terms of constituting discharge current, as shown in Figure 6 , given the low ion mobility. Electron temperature on the other hand does have a strong influence on the total discharge current and the current collection process.
Figure 6 Passive ion current for changing ion and electron temperatures
The increase in ion current with decreasing electron temperature comes about by the increase in the required ionization fraction to give the 5Amps of passive discharge current. The ionization fraction bares the relation:
Since T i , T e and the attained ionization fraction α are largely functions of the cathode operating regime the most obvious way to increase the maximum passive current a cathode is capable of carrying is by increasing the available anode area to enhance electron collecting area. However, as suggested, plasma density significantly decreases downstream of the orifice (due to decreasingα ) and as such, so does the anodes capacity to passively collect current from the plasma. Measurements by Goebel 40 , shown in Figure 7 , confirmed by the plasma models of Mikellides 39 have shown that plasma density can decrease by nearly two orders of magnitude only 8mm downstream of the orifice in the NSTAR discharge cathode. The NSTAR cathode in this case is a very useful comparison since the cathode orifice is of identical diameter to the T6 cathode used in our both our experiments and previous HCT experiments by Gessini on which our model is based. Figure 7 Plasma density falloff downstream of the cathode orifice in the 0.635cm NSTAR discharge cathode with a 1mm orifice. TH8 and TH15 correspond to discharge currents of 8.6Amps and 14.1Amps respectively 40 The plasma densities calculated by our model for Gessini's anode match closely with the observed plasma densities found 10mm downstream of the NSTAR cathode, in this case between 2.17-2.65x10 13 cm -3 for electron temperatures between 0.8-1.2eV respectively. This data confirms that, at least in this case, the analytical model is an accurate predictor of plume mode transition and strengthens the hypothesis that the plume mode transition occurs when I D > I A . These data suggest that the most effective design of anode for maintenance of spot mode in HCTs may therefore be one which presents as greater area -plasma density product as possible. These two requirements are somewhat contradictory since, for instance, increasing the diameter of a cylindrical anode while increasing the available contact area also increases the path length for electrons and ions to traverse from the orifice, and as we have seen, ion recombination occurs quickly as the plasma exits the orifice, thus plasma density significantly drops. The problem of optimizing geometry may therefore be a complex one based on maximizing passive current collected for a range of operating conditions in which plasma density, ionization fraction, electron and ion temperature will vary as a complex function of the discharge current. Such optimization would require a significant modeling effort. Minimum anode geometry was thus calculated for a constant ionization fraction of 10% based on the measurements of Crofton for a maximum current of 25Amps. Mikellides presented a model of the geometrically similar NSTAR discharge cathode operating at 25A on 5sccm of xenon (0.35mg/s) and suggested a maximum heavy particle temperature of 2640K or 0.227eV which we used as the ion temperature. Pottinger extensively characterized the internal plasma of the hollow cathode with xenon and recorded electron temperatures of ~1.0eV at the orifice entrance at 25A which we used as our electron temperature T e . A conical anode with a 30° divergent nozzle, as shown in Figure 8 , was selected to as to satisfy the analytical model for the collection of a 25Amp passive current. The geometry of this particular anode became known as the T6 LA (large anode) and produced the highest specific impulse of all anode designs although various other anodes were built to explore discharge characteristics. 
D. Thermal Model of Anode Heating
In anode design we must also consider heat dissipation and cooling of the anode. Since we want to avoid having to cool the anode actively here we will assume that the anode can only be cooled by conduction to the anode mountings and radiation to the vacuum. We have already described the power balance within the hollow cathode plasma.In this case the integrals of J i and J e are over the cathode and anode area in contact with the plasma. The energy absorbed by the anode from collection of the discharge current, ion recombination and radiative heat transfer from the plasma and cathode is given by: q is the radiative flux from the plasma to the anode and q c is the radiative flux from the high temperature cathode body to the anode. This is in fact an over-simplification of the problem since there are many other important heat transfer routes not defined here such as the radiative and conductive transfer from the anode assembly to the cathode and supporting structure. Even so the evaluation of this problem to achieve a steady state solution is extremely mathematically challenging given the calculation of view factors, changes in thermal gradients, the fact that the analysis is an open radiation system with heat transfer to internal surfaces and as well as ambient vacuum. The evaluation of the q c component is also an extremely complex problem. In this case the thermal analysis tool COSMOS Flow Works was employed used for the calculation of steady state anode and assembly temperature. In order to evaluate the problem heat flux parameters had to be defined which from Equation 19 requires discharge current, electron temperature, ion current and ion temperature as well as the current distribution with respect to anode area. Since we are in this case building a thermal model and not a plasma model we assume that electrons are collected over the entire surface of the anode with constant J e for each anode. In reality this will vary with the plasma density and thus the anode will receive differential heat input however, since the anode will have a high degree of conductivity and will be relatively small in size, the peak anode temperature should not be substantially different from the mean anode temperature. Previous assumptions of electron temperature, ion temperature and ionization fraction for operation at 25Amps are used as in the previous analytical model. The output of the thermal model used to ensure the anode and assembly temperature was sufficiently cool is shown in Figure 9 . 
THRUST MEASUREMENT DATA
Various other geometrical configurations of thruster have been tested based on the configuration of the anode. Anode geometry was modified in order to establish the effect of plasma/anode contact area on the basis that this parameter has a strong influence on the transition of the cathode to plume type operation. Thrust characterization of the T5FO and the T6LA has been described by the author in previous papers 23, 24, 25 along with the laser optical lever thrust measurement system used.
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A. Thrust characteristics of the T5FO Figure 5 shows levels of specific impulse attained in a discharge mode. In a discharge mode results show near monotonic dependence of specific impulse on discharge current with rapidly increasing performance below 0.4mgs -1 for the 3.2A and 1.6A throttle settings with a less pronounced increase at 0.8A. Since a change in flow rate results in a change in operating voltage it specific impulse can be correlated with specific power of the flow (J.mg -1 ). Figure 10 shows the influence of mass flowrate on specific impulse with Figure 11 showing the relationship between specific power and specific impulse for the T5 cathode. Operation at low powers (<13W) in the low current condition (0.8Amp) brings relatively high specific impulse of up to 165 seconds equal to performance in a resistojet mode (and at lower power), where cathode body temperatures are in the region of 1000°C. At the high current condition operation at powers of below 30W give specific impulse in the region of 250s. Further reduction in flow rate increases operating voltage and power invested in the flow. This results in an increase in specific impulse however with declining thrust efficiency as convective and radiative losses begin to dominate. Figure 12 shows that in the T6LA achieving high specific impulse is dependent on discharge current since higher discharge currents are able to sustain operation at lower mass flow rates. Operation with xenon also gives high specific impulse although only at very low flowrates. This is testament to the lower primary ionization energy of xenon, which enabled the cathode to operate at the lowest flow rate of 0.04mgs -1 .
B. Thrust characteristics of the T6LA
Unlike the case of the T5 cathode, the T6 cathode shows relatively little improvement in specific impulse at higher currents indicating that resistive dissipation plays a much smaller role in thrust production, which is reasonable due to the large orifice of the T6 cathode. It is worth noting that at maximum current rated capacity, the current density in the T5 cathode is 65A.mm -2 compared to the T6 cathode at 38A.mm -2 which, assuming an electrothermal acceleration mechanism, would suggest the reason for such larger relative changes in specific impulse of the T5 at higher currents. Relationship between specific impulse and specific power for the T6 at various current levels with xenon and argon Figure 13 shows two distinct gradients in the relationship between specific power and specific impulse which differ substantially from the T5 results. For operation with argon, specific impulse is almost identical for low specific powers, however approaching 5000J.mg -1 there is a change in gradient. It is postulated that this change in gradient is also a change in dominant thrust mechanism, with electromagnetic acceleration becoming the dominant since flow rates above 5000J.mg -1 are very low and would contribute an increasingly small degree of electrothermal thrust. This hypothesis is strengthened when considering thrust level with respect to mass flow rate as in Figure 14 .
Figure 14 T6 thrust level with respect to mass flow rate at various current conditions with xenon and argon
It is clear that when extrapolating thrust level back to zero mass flow a remnant thrust production mechanism exists which scales with discharge current. The thrust measurement with the heavier xenon propellant however has different characteristics to operation with argon. Above 0.25mgs -1 thrust scales almost linearly with mass flowrate however at below 0.25mgs -1 the thrust measurement moves the intercept close to that of argon at the same current level.
C. Anode Geometry Investigations
In an attempt to both understand thrust production and to improve efficiency, anode geometry was modified, as previously mentioned, to enable operation at lower flowrates and also reduce discharge voltage to improve efficiency. Anode geometry was shown to have a significant influence on both the point of transition to plume mode and also the discharge voltage when operating at a specific discharge current and mass flow rate. The operating voltages of the T5 cathode with argon for both forms of anode are shown in Figure 15 . With the larger anode and at low mass flowrates the discharge voltage is shown to be 8-10V below that of an orificed flat plate anode. In this case, due to mass flow meter limitations, the larger anode was only operated below 0.4mg/s. Nonetheless, at the 3.2Amp current condition the conical anode reduces discharge voltage from 34.57V for the flat plate to 19.35V, a reduction of 15.22V. This increases discharge efficiency by 44% and also substantially influences noise generation. With a flat plate anode the cathode gradually enters plume mode as flow rate is reduced below 0.25mg/s however using a CA type configuration maintains spot mode like operation to much lower flowrates, only entering plume mode at the reduction of flow rate to extreme levels close to the extinguishing flowrate. Figure 16 shows the T5CA operating in an almost noise free DC discharge when operating on only 0.05mg/s of argon. Further reduction to 0.03mg/s however results in substantial noise generation primarily < 5MHz but also extending beyond 120MHz as shown in Figure 17 . Similar behavior, shown in Figure 18 , is found in operation of the T6VLA cathode however transition in this case occurs at an order of magnitude higher flowrates than the T5CA cathode. Figure 18 Noise measurements from the T6VLA operating at 0.2mg/s and 0.1mg/s on argon at 25Amps
With both the T5 and T6 cathodes, transition to plume mode transition occurs at increasingly higher flowrates with decreasing discharge currents. Anode type also has a pronounced effect on this transition point with respect to mass flowrate however at the time of writing this data is still being collected. Voltage data highlighting the abruptness of the change to plume mode is shown in Figure 19 . This data was taken at 5Amps with a change in flowrate from 1.5mg/s to 1.45mg/s and back again. The cathode initially shows very little noise, however on decreasing mass flowrate the cathode very quickly establishes a transition to a slightly higher operating voltage (1-2V unstable) but with significant noise generation and peak to peak voltages in excess of 9V. 
D. Anode Heat Flux
Due to the convective heat flux of electrons, particularly in the case of the T6 cathode which operates at much higher currents, anode temperatures can be in excess of 2500K. The ability of the anode to radiatively dissipate heat flux determines the maximum current any particular anode configuration is able to operate at. In addition smaller anodes result in larger operating voltages which also results in increased heat flux since electrons are of higher energy due to the additional voltage drop which results in an increase in electron temperature. Voltage characteristics of the T6SA and T6VLA shown in Figure 20 . The maximum current for the T6SA was 17.5A at higher flowrates and 12.5A at lower flowrates as opposed to the T6MA, T6LA and T6VLA which were able to 
A. Thrust Mechanisms
Plasma models suggest that cathodes are capable of generating peak heavy particle temperatures greater than 6,000K with wall temperature not exceeding 1,500K. 42 Laser Induced Fluorescence (LIF) has identified neutral temperatures in cathode-keeper gaps are between 1800-4000K, well above cathode wall temperature. 43 Experiment has also suggested heavy particle temperatures between 3200-6000K necessary to explain elevated backpressures within conventional cathodes. 44 Assuming the plasma and remaining neutrals undergo some degree of adiabatic expansion it is reasonable to assume some level of thermal energy conversion to directed kinetic energy of the flow which is dependent on the plasma heating modes. The main mechanism of plasma heating is known to be Ohmic heating by plasma electrons within the cathode orifice with collisional heat transfer to the heavy particles. 45 A thermal thrust mechanism with significant arc heating within the cathode would be possible while low wall temperatures are maintained (<1700K) given the low plasma densities contacting the orifice (~10 20 /m 3 ) 46 The electron temperature within the orifice is typically 11,600-23,200K (1-2eV), depending on the degree of Ohmic heating. The performance of any electrothermal device can be approximated by means of a rudimentary one-dimensional energy argument that limits the exhaust speed of the flow from a fully expanded nozzle to:
When considering thermalization of the propellant to produce thrust with xenon, krypton or argon, the theoretical limit to specific impulse (assuming full conversion of thermal to directed kinetic energy) is shown in Figure 21 . An electrothermal thrust mechanism is sufficient to explain specific impulse <250s found in the T5 cathode at flowrates above 0.2mg/s which would require propellant temperatures <6000K. However at flowrates below this it is not easy to conceive of heavy particle temperatures >16,000K required for specific impulse up to 450s. As flowrate is reduced further it is however conceivable that the ionisation fraction increases considerably, thus so does plasma density. It is also conceivable that electron temperature increases significantly with reduced mass flowrate as the cathode is forced to operate at higher voltages in order to sustain operation. In this case there is an increasingly significant additional component of pressure thrust at the orifice exit. Assuming the propellant leaves the cathode at the chocked flow velocity and no form of nozzle is included downstream of the orifice, the thrust contribution at the orifice exit will thus consist of components of momentum and pressure thrust at the orifice exit given by:
In this case is can be seen that this additional component of thrust when considering moderate electron temperatures and ionization fractions can account for the high values of specific impulse found when operating the T5FO cathode. In addition, transient thrust measurements made as the cathode is switched off, shown in Figure 22 , indicates a significant backpressure component is removed within the cathode. As the cathode is switched off there is a significant increase in thrust, between 40-50% of the discharge thrust level, which gradually decreases to a level consistent with the hot gas thrust. As the mass flow is then switched off the thrust level reduces to zero. The rate of decrease in thrust at both points in time is equal indicating that the reduction in thrust immediately after the thrust increase at switch-off is also due to expulsion of an upstream pressure buildup within the cathode and feed lines.
Figure 22 Thrust measurement as the cathode discharge
is switched off at t=23s with constant upstream mass flowrate followed by the mass flow being turned off at t=115s. The cathode is operating at 3.2A with 2mg/s xenon As a first approximation, assuming that all particles behave like a perfect dilute gas, the plasma pressure in the hollow cathode orifice can be evaluated from the equation of state:
Considering the small orifice area compared to the cross sectional area of the internal diameter of the cathode, the internal pressure may, as a first approximation, be estimated from the critical flow relation for sonic flow through the orifice, assumed to be adiabatic. (23) In this case it can be seen that a reduction in orifice plasma pressure backpressure would cause an increase in mass flow due to an increased pressure difference. Since the mass flow into the feed lines and cathode is constant this pressure difference would eventually reduce to the critical pressure ratio for a choked orifice as the upstream pressure diminishes which can be clearly seen in Figure 22 .
E. T6 Hollow Cathode Thruster with Large Anode (T6LA) Thrust Mechanism
Accounting for the specific impulse found from the T6LA also requires heavy particle temperatures too high to be described by a thermal thrust mechanism alone. Unlike the T5FO, the T6LA may experience a degree of electromagnetic acceleration of the charged particles by Lorenz forces in the plasma, which is reasonable above 25 Amps. The T5FO cathode however operates at much lower currents and therefore is expected to operate in an almost purely electrothermal mode.
A T6 cathode with of 0.75mm orifice diameter orifice at 30Amps would give a current density of 6.8 x 10 7 A/m 2 . Assuming that the plasma does not pinch, the magnetic field at the edge of the orifice is would be considerable at 160 Gauss and higher if the plasma is assumed to pinch. If a strong self-induced magnetic field exists within the orifice it may be sensible to suggest the possibility of magnetohydro-dynamic acceleration of the plasma.
The Maecker formula has been used to approximate the thrust scaling of self-field magneto-plasma-dynamic thrusters (MPDTs) with the total current. The formula has been shown to be too simplistic to account for the trends in measured thrust data at low current due to the scaling of gas dynamic pressure distributions induced by the pinching components of the volumetric electromagnetic forces. 47 However in this case it can be used as an approximation of the significance of the EM force alone.
A stream wise acceleration could be provided by the crossing of the radial arc current J with the self generated azimuthal magnetic field through the cathode orifice, an essentially scalar crossed-field interaction with an anode and cathode radius ra and rc given by:
The resulting particle velocity assuming a fully ionized gas is shown in Figure 23 . Figure 23 Theoretical ion energies from the Maecker formula as a result of the cross field interaction from a self-generated azimuthal magnetic field for krypton and xenon acting on a fully ionized mass flow Assuming a bulk accelerating force acts on the total mass flowrate it can be seen that the resulting accelerating force per particle is significant. One important factor considered in MPDT's type operation is the exceeding of the critical ionization current. Assuming MPDT theory can serve as a first approximation, it can be shown that if flow rates are low enough the ratios of discharge current I to the critical ionization current, I ci also becomes significant. A key scaling parameter of interest is, ξ, the ratio of the discharge current to (also known as the full ionization current). 48 49 50 Parameters such as the thrust and voltage have been seen to strongly correlate with ξ in MPDTs. The plasma is considered partially ionized at I<I ci and fully ionized for I>I ci . At I=I ci (ξ=1), the electromagnetic thrust is equal to the product of the mass flow rate and the propellant Alfven critical ionization velocity. The parameter ξ is given by Eqn. (17) , and Jci is given by Eqn. (18) Figure 24 Ratio of critical ionization current to discharge current with xenon and krypton for a cathode anode geometry similar to that used in this experiment
In Figure 24 it can be seen that for operation with xenon and krypton (argon would lay between the two) operation at low flow rates < 1sccm at currents above 30Amps ξ = 1. Below ξ = 1 the flow is only partially ionized while at ξ > 1 the flow can be expected to be highly ionized and may exhibit behavior similar to MPDT's.
If the thrust production mechanism in the T6 hollow cathodes was indeed more electromagnetic at low flowrates rather than electrothermal the electromagnetic component of thrust level should be independent of cathode and orifice operating pressures and appear almost instantaneously as the discharge is switched on and off. This data can be seen in the transient thrust measurement in Figure 25 . This data strengthens the hypothesis that the T6LA operates in an MPDT type mode at low flowrates and high currents.
F. Electrostatic acceleration
One other mechanism which could also play a role in the thrust generation in both the T5CA and T6LA is electrostatic acceleration of ions through a potential drop due to the formation of a region of positive plasma potential. The existence of this positive column has been seen extensively in experimental measurements and has been proposed as a means of acceleration as ions fall down the potential hill. The structure of the plasma potential is of particular interest because it may also be directly associated with the attainable ion energies. High energy ion erosion has been identified as the most probable near-term cause of failure during extended life tests at NASA JPL on the NSTAR ion thruster. 51 . The plasma density and potential profiles downstream of the keeper electrode in the NSTAR hollow cathode have been extensively measured with scanning probes by Herman and Gallimore 52 , Jameson, et al. 53 , and by Sengupta, et al. 54 .
The source of the energy to produce these ions in excess of 90eV is likely to be RF plasma potential oscillations in the near cathode plume from plasma instabilities. 55 Goebel postulated that the source of these plasma potential oscillations is likely turbulent ion acoustic waves generated in the hollow cathode discharge plasma or ionization instabilities termed predator-prey modes in the near-cathode plume region. Evidence indicates that discharge plasma potential oscillations measured by Goebel et al. had amplitudes about twice the average discharge voltage, large enough to account for high energy ions accelerated through the potential gap between the oscillation peak and cathode potential. 56 Although ions of extreme energies have been attributed to these RF plasma oscillations, the existence of a spatially rising plasma potential cannot be ignored as a source of bulk ion acceleration. It has been sufficient to regard the spatial or temporal profiles of the plasma potential obtained by the measurements were sufficient to be considered the mechanism for the generation and direction of high-energy ions well in excess of the discharge voltage. The details of how discharges establishes a spatially rising plasma potential downstream of the keeper or the reasons for the absence of a non-monotonic profile have not yet been fully identified and explained.
In the case of a potential hill, an electric field exists across a plasma potential drop:
In this case, the velocity gained by a singly charged particle moving through the potential is: (28) The ion velocity at any point follows from conservation of energy to give the particle velocities shown in Figure 27 . 
Figure 27 Corresponding ion velocities with krypton and xenon for a given energy
Investigations by the author 57 on a ¼ inch hollow cathode with an electrostatic energy analyzer operating on xenon and krypton have shown that bulk acceleration of ions is found, particularly with increasing discharge current and decreasing mass flowrate, where peak plasma potentials are likely to increase. An example of this bulk acceleration is shown in Figures 28 and 29 for xenon.
Figure 28 Ion energy distributions at 10 amps with xenon
At 10Amps discharge current the ESA data shows slightly energy peaks up to 62.4eV which are likely caused by ion acoustic waves. However the plot also begins to show a bulk acceleration of the 2.44sccm and 2.05sccm conditions (<20eV) whereby the complete distribution is shifted up in energy; a process exemplified at higher currents. At 16Amps Figure 26 shows peak ion energies are significantly higher than for the 10Amp condition and with much greater bulk acceleration of plasma; the data for the 2.05sccm flow condition for instance shows little to no ions with energies less than 35eV. The 2.94sccm condition shows a decrease in collected current contrary to the trend which may be due to some thermal movement, MHD vectoring of the plume or plume expansion.
Figure 29 Ion energy distributions at 16 amps with xenon
Since no measurements of plasma potential have been made of the T5 or T6 configurations it is not possible to confirm or deny the significance of such a mechanism in our thrust measurements however such a mechanism would only be significant if the plasma was highly ionized and remained in that state through the acceleration process. If this were the case then plasma potential hill acceleration may play a role in thrust production. Future investigations will aim to identify the role of this mechanism in thrust production by taking plasma potential measurements.
CONCLUSION
An overview of the design considerations for hollow cathode thruster optimization has been presented along with data collected from configurations of the T5 and T6 hollow cathode thrusters. The basis for several thrust production mechanisms has been proposed.
Analysis of the T5CA results indicate that the thrust mechanism may be explicable by electrothermal type operation in a conventional gas-dynamic mode however with significant plasma pressure contributing to increased thrust as a result of the electron pressure component at the orifice exit. The exact thrust mechanisms of the T6 hollow cathode have been debated for some time. Our results indicate that for high specific impulse there is considerable evidence that at high currents and low flowrates, the hollow cathode operates as a low power MPD thruster. Due to the relatively low currents, electron convective and radiative losses dominate performance and thus give poor thrust efficiencies. If this is the case, operation at elevated currents is likely to significantly improve performance and thrust efficiency; although this will be well beyond the rated current capacity for the T6 cathode. Indeed multi-channel hollow cathodes have been proposed and built for MPD thrusters for some time. If the hollow cathode thruster is to have a place in the family of MPD accelerators, it may be as a very low power thruster <2kW (owing to the low discharge voltages) with very little power conditioning required. Thrust efficiencies are unlikely to improve significantly since this will scale quadratically with discharge current and will quickly enter much higher power regimes of operation. Analysis would indicate that while electrothermal acceleration does play a role in T6 thrust production, it does not increase significantly as mass flow is decreased. This suggests that either electron temperature does not increase significantly at lower flow rates or that the energy equipartition between electrons-ions and electronneutrals remains too low for any substantial increase in heat transfer. If the flow in the T6 cathode is also substantially ionized it has also been shown that plasma potential hill acceleration may play a role in thrust production however this requires further investigation.
Further detailed analysis is required to verify the existence of each mechanism and to understand the best means in which to utilize them to give greater performance. Further work is also required on anode design in order to optimize performance and increase efficiency. The low voltages obtained in the T6LA and T5CA designs highlight the importance of plasma anode interaction and anode geometry. Previously keeper design has been considered relatively insignificant; however as has been shown optimized keeper design is imperative for hollow cathode thrusters, but also for neutralizers for Hall thrusters, ion engines and plasma contactors for minimization of discharge voltage.
where he was promoted as a Senior Lecturer in 1995 and a Personal Chair, Professor of Aeronautics and Astronautics, in 2003. His current main research interests include the fields of electric propulsion, including hollow cathodes, advanced gridded ion thrusters and pulsed plasma thrusters, space environments, in particular, solar energetic particle modeling and X-ray and UV effects on materials, and formation flying of nanosatellites.
